Summary: We previously found mild hypothermia (34-36°C), induced before cardiac arrest, to improve neu rologic outcome. In this study we used a reproducible dog model to evaluate mild hypothermia by head cooling dur ing arrest, continued with systemic cooling (34°C) during recirculation and for 1 h after arrest. In four groups of dogs, ventricular fibrillation (no flow) of 12.5 min at 37 SC was reversed with cardiopulmonary bypass and defibrillation in �5 min, and followed by controlled ven tilation to 20 h and intensive care to 96 h. In Study A we resuscitated with normotension and normal hematocrit; Control Group A-I (n = 12) was maintained normother mic, while Treatment Group A-II (n = 10) was treated with hypothermia. In Study B we resuscitated with hy pertension and hemodilution. Control Group B-1 (n = 12) was maintained normothermic (6 of 12 were not hemodi luted), while Treatment Group B-II (n = 10) was treated with hypothermia. Best overall performance categories This study concerns two relatively unexplored concepts: (a) hypothermia initiated during ischemia (preservation) and continued after ischemia (resus citation) in contrast to hypothermia initiated before ischemia (protection), which is known to mitigate postischemic brain damage (Bigelow et aI. , 1950; Rupp and Severinghaus, 1986) ; (b) mild hypother mia (temperature 34-36°C) in contrast to moderate hypothermia (28-32°C), which is known to protect the brain (Bigelow et aI. , 1950) and may be harmful. This study involves cardiac arrest (i. e. , total body
(OPCs) achieved between 24 and 96 h postarrest were in Group A-I: OPC 1 (normal) in 0 of 12 dogs, OPC 2 (mod erate disability) in 2, OPC 3 (severe disability) in 7, and OPC 4 (coma) in 3 dogs. In Group A-II, OPC 1 was achieved in 5 of 10 dogs (p < 0.01), OPC 2 in 4 (p < 0.001), OPC 3 in 1, and OPC 4 in 0 dogs. In Group B-1, OPC 1 was achieved in 0 of 12 dogs, OPC 2 in 6, OPC 3 in 5, and OPC 4 in 1 dog. In Group B-1!, OPC 1 was achieved in 6 of 10 dogs (p < 0.01), OPC 2 in 4 (p < 0.05), and OPC 3 or 4 in 0 dogs. Mean neurologic deficit and brain histopathologic damage scores showed similar sig nificant group differences. Morphologic myocardial dam age scores were the same in all four groups. We conclude that mild brain cooling during and after insult improves neurologic outcome after cardiac arrest. Key Words: An oxia-Brain cooling-Cardiopulmonary resuscitation Cerebral resuscitation-Global brain ischemia Hemodilution.
circulatory arrest including complete global brain ischemia with no flow) (Safar, 1986) reversed by cardiopulmonary-cerebral resuscitation (Safar and Bircher, 1988) -not incomplete global brain isch emia (e. g. , shock), incomplete focal ischemia (stroke), or cerebral trauma.
In the 1950s and 1960s, there were clinical trials (Williams and Spencer, 1958; Ravitch et aI. , 1961) and uncontrolled animal experiments (Zimmerman and Spencer, 1959; Wolfe, 1960) with postarrest moderate hypothermia. Research on global isch emia documented the benefit of moderate precool ing (Wolfson and Selker, 1973; Harp and Siesj6, 1975; White, 1975; Carlsson et aI. , 1976) . Research on focal ischemia and brain contusion suggested benefit also from moderate postinsult cooling (Rosomoff, 1959; Rosomoff et aI. , 1960) . Hypother mia research was almost given up, however, be cause of management problems such as shivering, arrhythmias, and infection (Dripps, 1956; Steen et aI. , 1979) .
Nevertheless, hypothermia needs to be system atically reevaluated (Safar et aI. , 1978) . We hypoth esize that hypothermia, by multifaceted mecha nisms, might have mitigating effects on the multio rgan system postresuscitation syndrome (Negovsky et aI. , 1983; Safar, 1985) . Hypothermia might im prove O2 supply/demand relationships during post arrest cerebral (multifocal) hypoperfusion (Hoss mann et aI. , 1973; Snyder et aI. , 1975; Kagstrom et aI. , 1983) and mitigate necrotizing chemical cas cades (Safar, 1986; Ernster, 1988; Siesjo, 1988) . These effects might be offset by its harmful effects on the microcirculation (Chen and Chien, 1978) .
We evaluated earlier the effects of moderate post arrest hypothermia in a monkey model of global brain ischemia (Gisvold et aI. , 1984 ) and a dog model of cardiac arrest (Leonov et aI. , 1988) . The latter was the first controlled animal outcome study of resuscitative hypothermia after cardiac arrest. Both studies revealed only inconsistent outcome benefits. In 1987 we discovered in groups of "normothermic" dogs after ventricular fibrillation cardiac arrest (no flow) of 10-15 min a protective effect of mild precooling. Almost all dogs with good outcome had fibrillation started at a slightly lower temperature (34-36. 9°C) than those with poor out come (37-38°C) (Safar, 1988; Safar et aI. , 1989a,b) . The present study was designed to explore for the first time the possibility of achieving brain preser vation and resuscitation with mild head cooling dur ing and total body cooling after arrest.
If microcirculatory sludging is also caused by mild hypothermia (which remains to be deter mined), it might be counteracted by hypertensive hemodilution, which improved global and multifo cal CBF (Safar et aI. , 1989a) and outcome (Safar et al. , 1976) . The present project, therefore, involved two reperfusion patterns: Study A with normoten sion and normal hematocrit (Hct), and Study B with hypertension and hemodilution. We compared out comes in each study between normothermic control groups (A-I and B-1) and their respective hypother mic treatment groups (A-II and B-lI).
METHODS
This project was approved by the Animal Care and Use Committee of the University of Pittsburgh School of Medicine. We used 48 custom-bred male hunting dogs (coon hounds), from the same breeding colony, aged 10 (8-12) months and weighing 22 (18-25) kg. The dogs were vaccinated, dewormed, and in good physical condition, with no respiratory distress and no evidence of neurologic J Cereb Blood Flow Metab, Vol. 10, No. 1, 1990 dysfunction. Each dog received food until 2 p.m. the day before the insult and water until the experiment.
Experimental design
We used our standard dog model (Safar et aI., 1982 (Safar et aI., , 1989a Vaagenes et aI., 1984) with ventricular fibrilla tion cardiac arrest of 12.5 min, reperfusion with cardio pulmonary bypass (CPB) for 5 min postarrest, controlled intermittent positive pressure ventilation to 20 h, and in tensive care to 96 h. Between June 1988 and April 1989, the same team conducted 48 dog experiments assigned to four groups in randomized sequence with concurrent con trols. Study A dogs were reperfused with normotension and normal Hct: Control Group A-I (n = 13) was main tained normothermic (37.5°C), whereas Hypothermia Group A-II (n = 10) received head cooling during the arrest (no flow) period and systemic cooling by CPB dur ing reperfusion and for 1 h of recirculation. Study B dogs were reperfused with hypertension and hemodilution: Control Group B-1 (n = 14) was kept normothermic like Group A-I and received hypertensive reperfusion, with additional hemodilution in 7 of 14; Hypothermia Group B-II (n = 11) was cooled like Group A-II and all 10 dogs received hypertension and hemodilution.
Preparation
Anesthesia was induced with ketamine 10 mglkg i.m., followed by N20:02 (50:50%) plus halothane via face mask until endotracheal intubation. Mechanically con trolled intermittent positive pressure ventilation delivered tidal volumes of 15 mllkg. Frequency was adjusted to keep the end-tidal Pco2 at 30-35 mm Hg (4--5%). A gastric tube and a bladder catheter were inserted. An intrave nous infusion of lactated Ringer's solution, 5 mllkg/h, was started. ECG lead 2 was monitored. EEG was recorded from two frontal and two occipital scalp clips. Sterile cut downs were performed in both sides of the groin and in the right side of the neck. A catheter was inserted via one femoral artery into the lower abdominal aorta for moni toring of systemic MABP. A balloon-tipped, triple-lumen catheter (7F) was inserted via one femoral vein into the venae cavae or the pulmonary artery to monitor central venous pressure and "core" pulmonary artery tempera ture. Thermistor probes were placed to monitor esopha geal, rectal, and tympanic membrane temperatures (non invasively measured as "brain" temperature). Pilot ex periments were conducted using the same protocol with monitoring of epidural temperature. For later resuscita tion by CPB, a long multihole plastic cannula (20F) was engaged in the right external jugular vein for later inser tion into the venae cavae, and a short metal cannula (l4F) was inserted into the other femoral artery.
Continuously monitored variables were ECG, heart rate, MABP, central venous pressure, end-tidal Pco2, EEG, and temperatures. Intermittently monitored vari ables were P a02, P aco2, pHa, base excess, Hct, blood glucose, and serum electrolytes. Variables controlled be fore and after arrest were MABP at 100 ± 10 mm Hg by adjusting halothane concentration before arrest and by using norepinephrine or trimethaphan after arrest; central venous pressures at 5-15 mm Hg with Ringer's solution; pulmonary artery temperature T p a at 37.5 ± O.5°C; Pa02 at > 100 mm Hg with positive end expiratory pressure (PEEP) and FI02; Paco2 at 30-35 mm Hg; base excess at ±7 mEq/L with NaHC03; and blood glucose at 90-175 mg/dl pre-arrest by not administering glucose. Blood gases were controlled according to uncorrected determi nations at 37°C (Severinghaus, 1959) .
Insult
After anesthesia and preparation of 2-3 h, prearrest control measurements were obtained under N20:02 50:50% plus halothane (0.25-1.0% to control MABP at 100 mm Hg) and controlled ventilation. Then, in prepa ration for the insult, immobilization was induced with pancuronium 0.1 mg/kg i. v., N20 and halothane were dis continued, and ventilation was continued with O2 100% for I min followed by room air for 4 min. Paralysis, wash out of N20, and minimizing the effect of halothane are necessary to reduce the effect of anesthesia in a standard manner, to fill the alveoli with air as in clinical sudden death, to prevent gasping, and to ensure a resuscitatable heart. This procedure did not elicit awareness (move ments) in pilot experiments without paralysis. The intra venous infusion and warming were discontinued. Core temperature was to be controlled exactly at 37SC in all four groups at the time of initiation of ventricular fibril lation. Cardiac arrest was induced by external transtho racic electric shock with 80--100 V AC for 2 s, repeated as needed. Simultaneously, controlled ventilation was stopped. Ventricular fibrillation resulted immediately in pulselessness and decrease in MABP to 15 mm Hg. EEG activity became isoelectric within 15 s. The dog was kept in cardiac arrest (no flow) for 12.5 min, when resuscita tion was begun (i.e., resuscitation time zero).
Resuscitation
Reperfusion was controlled by brief (",;5 min) closed chest CPB, instead of external cardiopulmonary resusci tation, which had previously resulted in an additional low flow insult of variable duration. CPB was performed by venoarterial pumping via membrane oxygenator. The cir cuit was primed with -400 ml of Dextran-40 10% in NaCI 0.9% plus Ringer's solution, 50:50. Heparin 1.5 mg/kg (150 U/kg) and NaHC03 2 mEq/kg were added to the priming solution. At the end of cardiac arrest of 12.5 min, reperfusion was started (resuscitation time zero) with CPB flow of > 100 mllkg/min (full bypass) and with O2 flow through the oxygenator adjusted to control Paco2.
Controlled ventilation was restarted with O2 100%. Im mediately before the start of CPB, epinephrine was given intraarterially, which intensified ventricular fibrillation and increased the MABP generated by CPB to >80 mm Hg. At CPB 3 min, an external defibrillating counter shock was given with 100 J, repeated as needed with 200, 300, and 400 J. Early defibrillation allowed the heart to pump during continued partial CPB. After restoration of spontaneous heartbeat, assisted circulation was contin ued for 2-3 min and all dogs were weaned from CPB.
Hypertension-hemodilution
The protocol called for an initial CPB-generated MABP of 100 mm Hg in Study A by use of epinephrine 0.01 mg/kg i.a. and of > 140 mm Hg in Study B by use of epinephrine 0.02 mg/kg i.a. After restoration of sponta neous heartbeat, MABP was controlled with norepineph rine by titrated intravenous infusion in Study A at 100 mm Hg; and in Study B at 140 mm Hg for the first hour, 130 for the second, 120 for the third, and 110 for the fourth. In Study A, CPB dead-space fluid was reinfused at resusci tation time 5 min to achieve near-normal Hct. One-half of Group B-1 (n = 7) and all of Group B-II (n = 10) received hypervolemic hemodilution in addition to hypertension. Hemodilution was accomplished immediately upon resto ration of spontaneous heartbeat, by bleeding 35 mllkg and simultaneously infusing 50 mllkg Dextran-40 in NaCI 0.9%. After maintaining Hct at 20--25% for 2 h, CPB dead space fluid was slowly reinfused and Hct was restored. Since outcome results in hypertensive Group B-1 with or without hemodilution were the same, we combined these 14 dogs into one "flow promotion" Control Group B-1.
Hypothermia
In all groups the head was placed in an open plastic head box. In Groups A-I and B-1, core and tympanic temperatures were to be maintained at 37.5°C throughout 96 h with use of external warming and cooling. In Groups A-II and B-II, ice water immersion of the cranium was started at cardiac arrest time 3 min and continued throughout arrest, CPB, and restoration of spontaneous circulation, to resuscitation time 60 min. Snout and phar ynx were not immersed. During arrest all temperatures were observed (not controlled). Systemic controlled cool ing was begun at resuscitation time 0 min using the CPB heat exchanger at room temperature in Groups A-I and B-1; and in Groups A-II and B-I1 adjusted to lower core temperature to 34°C within 2 min. After total CPB of <5 min to restoration of heartbeat, in Groups A-II and B-II only, low flow CPB was used (25 mllkg/min through the heat exchanger) to maintain core temperature at 34°C for I h. After 5 min in Groups A-I and B-1, and after 60 min in Groups A-II and B-II, surface heating-cooling was used to keep core temperatures at 37.5 ± 1.0°C.
Intensive care
After arrest, controlled ventilation delivered O2 100% to 2 h and N20:02 50:50% from 2 to 20 h to provide analgesia. Pancuronium was used for immobilization. In past experiments without paralysis, dogs did not move after arrest and recirculation for > 2 h without anesthesia (postischemic coma). Hypotension and hypertension were controlled with norepinephrine and trimethaphan, respectively. All dogs received fentanyl 100 ILg every 4 h between resuscitation time 6 and 20 h, which previously was found effective in preventing "immobilization stress" (hypertension, wide pupils). Lidocaine was used in case of ventricular tachycardia. Pulmonary care in cluded control of blood gases, humidification of inhaled gases, and intermittent endotracheal suction, sighing, and position change. At resuscitation time 20 h, the effect of pancuronium was reversed with neostigmine and atro pine, and all dogs were weaned to spontaneous breathing by 24 h. The endotracheal tube was removed when cari nal and upper airway reflexes were active and cardiovas cular-pulmonary variables were stable. After tracheal ex tubation, O2 was given by face mask. If P a02 tended to be <80 mm Hg or P aco2 >40 mm Hg during spontaneous breathing, the protocol dictated reintubation of the tra chea and continued controlled ventilation. From 20 to 72 h, seizures, opisthotonus, severe running movements, and exhaustive hyperventilation were controlled with di azepam 0.2 mg/kg i.v. as needed. Dextrose 5% in NaCI 0.45% was given between 6 and 96 h. After 24 h, water and food were given orally when possible. Intensive care was standard for all four groups.
Outcome evaluation
Cardiovascular resuscitatability was determined on the basis of time to restoration of spontaneous heartbeat; re-quirements for epinephrine, norepinephrine, and counter shocks; and postarrest arrhythmias. Early neurologic re covery was evaluated on the basis of time to sustained EEG activity and presence or absence of EEG convul sions.
Outcome was evaluated to 96 h. The principal outcome variable was overall performance category (OPC 1 = best; OPC 5 = worst) ( Table 1) . Neurologic deficit (ND) scores (0% = normal, 100% = brain death) and brain histopathologic damage (HD) scores also were deter mined. The ND score consists of five components: The maximum (worst) ND score of 100% comprises 20% each for reduced consciousness, abnormal breathing, abnor mal cranial nerve function, abnormal motor and sensory function, and abnormal behavior. In general, dogs with ND scores of ",; 15% performed normally, those with ND 15-25% appeared awake; those with 26-40% were se verely neurologically damaged but arousable, and those with scores 41-80% were comatose and may have had running movements, spasticity, opisthotonus, and ex haustive hyperventilation. Those with ND 81-100% were brain dead. ND and OPC were scored every 8 h between 24 and 96 h. No CNS depressants were given after 72 h so as not to influence final evaluation of OPC and ND. Hy pothermia, hypertension, and hemodilution could not be placebo blinded. All OPC and ND scores were deter mined by at least two life-supporting investigators. In ad dition, the final OPC at 96 h was determined by an ob server not involved in life support who was unaware of the treatment given. Thus, NDs and OPCs were the consensus of at least three observers. Interobserver differ ences in the past have been about ±5% for ND and ±O% for OPC.
Brain morphologic damage was evaluated at 96 h by macroscopic and microscopic examination. At 96 h en dotracheal anesthesia was reinduced as on day 1, the chest was opened, the ascending and descending aortas were clamped, and the brain was perfused with buffered paraformaldehyde 3% (pH 7.3) under 100 mm Hg of pres sure, until return from the opened right atrium was clear. After 24 h each perfused brain was sliced into 3-mm-thick coronal sections, which were examined for gross lesions. Six to 10 sections of each brain were embedded in paraf fin. Sections 4--6 fLm thick were stained with hematoxy lin-eosin and examined by a pathologist who did not know the treatment given (A.R.). Evaluation was with x40-400 magnification of 18 anatomic areas, which were observed for the severity and extent of (a) ischemic neuronal changes, (b) infarcts, and (c) edema. The extent of in farction or edema and the number of neurons with isch emic changes in each particular area were scored subjec tively based on the cumultive experience of the patholo gist, as relatively minimal (1 +), mild (2 +), moderate (3 +), severe (4), or no involvement (0). Ischemic neurons were shrunken, angular, and hyperchromic. Edema was considered to have less significance than ischemic neuro nal change and its severity number was not multiplied. The numerical score for ischemic neuronal changes was multiplied by 2 and for infarction (necrosis of neurons, glia, and vessels) by 4. The total score for each brain (both sides) was the sum of all multiplied severity scores for all 18 anatomic areas. The worst possible theoretical total score was > I ,000 when all possible types of damage in all anatomical areas were maximal (brain death, total necrosis). In practice, any HD score of >30 represents significant neuronal histological damage, and an HD score of > 100 is associated with severe ND.
Morphologic damage of the heart was evaluated by quantifying macroscopically ischemic lesions (necrotic, infarcted, pale, or hemorrhagic) as percentage of total subepicardial plus subendocardial surface area.
Exclusions
According to protocol, animals that died before 96 h owing to extracerebral complications were excluded from cerebral outcome evaluation. Only primary brain deaths were included. Exclusion criteria included postarrest hy potension, severe hypertension, acidemia, hypoxemia, hypercarbia, hypothermia, hyperthermia, prearrest hy perglycemia, uremia, and sepsis (Safar et aI., 1982) .
Data analysis
OPC and ND were recorded separately as the best score achieved between 24 and 96 h and the final score at 96 h. The difference represents secondary deterioration. Mean values and standard deviations of prearrest and postarrest variables and of key outcome variables (ND, OPC, HD) were compared between the four groups. Con tinuous variables were examined using the analysis of variance. Group comparisons of categorical variables were carried out using Pearson's x 2 -test and Fisher's ex act test.
RESULTS
Four of the 48 dogs were excluded from analysis: One in Group A-I died at resuscitation time 15 h after perforation of the heart by previous cannula tion. One in Group B-1 was found at autopsy to have spontaneous liver torsion and necrosis. In one dog in Group B-1 we could not achieve the reperfu sion pressure required by protocol. One in Group B-II died at 12 h from intractable ventricular fibril lation with widespread myocardial infarcts. All 44 dogs that followed protocol and were evaluated for outcome survived to 96 h: 12 dogs in Group A-I, 10 in Group A-II, 12 in Group B-1, and 10 in Group B-II (Figs. 1-4 ). There were no statistically signifi cant differences between the four groups in prear rest anesthesia time and depth or in prearrest MABP, P a OZ' P a COZ' pH a ' or base excess. Immedi ately prearrest, in all four groups combined, blood glucose levels were 143 ± 20 000-175) mg/dl; core temperature was 37. 6 ± 0.4 (36. 6-38.4tC; tympanic temperature was 37. 3 ± 0.4 (36. 8-38. 7)OC; and Hct was 42 ± 3 (35-50)% with no difference between groups.
To estimate decrease in brain temperature with head cooling, we conducted seven pilot experi ments. Parietal epidural temperature decreased with head cooling from 37. 6 ± 0. 2 (37.4-37. 9tC at the start of fibrillation to 35. 2 ± 1. 7 (32-37. 2)OC at 12.5 min.
During cardiac arrest, tympanic temperature re mained at prearrest values in Groups A-I and B-1 and decreased during head cooling in Groups A-II and B-II combined, from the prearrest value of 37. 2 ± 0.3 to 36. 3 ± 0.7°C at the end of arrest 02. 5 min), with no difference between groups. During ventric ular fibrillation, core temperature remained at pre arrest values in all four groups, with no differences between groups (Table 2 ). Esophageal and rectal temperature also did not decrease during arrest with head cooling and remained at the same normother mic levels as core temperature.
In Normothermic Control Groups A-I and B-1, core and tympanic temperature remained through out ventricular fibrillation at -37. soC; CPB of 5 min caused a drift to -36. soC postarrest (Table 2) . In Hypothermic Groups A-II and B-II, however, CPB resulted in an immediate decrease of all tempera tures. At CPB 2 min, core and esophageal temper atures were already successfully lowered to 34. 1 ± 1. 2°C in both hypothermic groups, while rectal tem perature was 36. 2 ± 1. 2°C. Tympanic temperature however, decreased slightly more, to 32.9 ± 2.0°C at resuscitation time 5 min, 31.7 ± 1. 1°C at 15 min, and 30. 8 ± 1. 6°C at 60 min owing to concurrent head cooling.
Resuscitation and early postarrest variables did not differ between Hypothermic Groups A-II and B-II vis-a.-vis their Normothermic Control Groups A-I and B-1 (Table 3) . Spontaneous heartbeat was restored in all dogs within 5 min of reperfusion, and all were weaned successfully from bypass without complications. Defibrillating energies and NaHC03 requirements were the same in all four groups. MABP values were significantly higher in Study B than in Study A groups (according to protocol) (Ta ble 3). Hct was reduced transiently in all four groups by the priming volume. Hct was restored to low normal after reinfusion at 5 min in Group A-I and 60 min in Group A-II. In hemodiluted Study B, Hct was significantly lower than in Study A and returned to low normal at 4 h after reinfusion.
Control of MABP after restoration of heartbeat required norepinephrine for up to 1-2 h post arrest, with variable infusion rates and doses. During the first hour, Study B dogs required twice as much norepinephrine as Study A dogs. Most Study A dogs required no norepinephrine after resuscitation time 1 h. Trimethaphan was needed early in most Study A dogs and late in Study B dogs. Diazepam was needed only in dogs with running movements (OPC 4) between resuscitation time 20 and 72 h (Fig. 3) . Except for the one dog with heart failure in Group A-II that remained ope 3 (Fig. 3) , none re quired lidocaine and none had major postarrest management problems. In all dogs urine flow re turned at 2-6 h postarrest, with no difference be tween groups. All were easily weaned from con trolled ventilation at 24 h.
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EEG return time was not different between the four groups (Table 3) . None of the dogs with ope 1, 2, or 3 had seizure activity clinically or on EEG. Dogs with ope 4 after weaning from IPPV showed running movements, opisthotonus, and spontane ous hyperventilation. EEG had been discontinued. • Gr. B-II Hypothermia (n = 1 0) •
p<O.OO1 
a. a. After weaning from controlled ventilation at 24 h, ND scores (Figs. 1 and 2) , oPCs (Fig. 3) , and HD scores (Fig. 4) followed a consistent pattern: All three outcome variables were significantly better in the hypothermic than in the normothermic groups.
Group A-II had better outcome than its Control Group A-I, in best ND score (Figs. 1 and 2) (p < 0.001), best OPC (Fig. 3) (p < 0.01), and total HD score (Fig. 4) better outcome than its Control Group B-1, in best ND score (Figs. 1 and 2) (p < 0.001), best OPC (Fig.  3 ), (p < 0.01), and HD score (Fig. 4) (NS) . In Groups A-II and B-II combined, outcome variables were better than those in Groups A-I and B-1 com bined, in terms of best ND score (p < 0.001), best OPC (p < 0.001), and total HD score (p < 0.001) (Figs. 1-4) .
After weaning to spontaneous breathing at 24 h, ND scores decreased rapidly in all four groups to 1) were better in the hypother mic groups. Best ND scores are displayed in rank order in Fig. 2 . opes followed a similar pattern as ND scores (Fig. 3 ). Significant differences in OPC were also seen between hypothermic and normothermic groups, when comparing OPC 1 dogs (normal) ver sus ope 2-5 dogs (abnormal) for Study A (p < 0.01) and for Study B (p < 0.01); and when comparing ope 1 or 2 dogs (good outcome) with ope 3-5 dogs (poor outcome) for Study A (p < 0.001) and for Study B (p < 0. 05) (Fig. 3f Best OPCs also were significantly better in Hypothermic Groups A-II and B-II combined compared with Normothermic Groups A-I and B-1 combined (p < 0.001).
Morphologically, all brains appeared grossly nor mal. Histologic examination of the brains showed similar distribution of ischemic neuronal changes in all four groups, with predominant damage in the neocortex, striatum, hippocampus, and cerebellum (Fig. 4) . There was no evidence of selective protec tion of the hippocampus or caudoputamen. No brain examined was entirely free of injury, even in the hypothermic groups. Total HD scores in Hypo thermic Groups A-II and B-II combined were lower than those in Groups A-I and B-1 combined (p < 0. 001). Total HD scores in Group A-II were lower than in Group A-I (p < 0.001), and all brain regions in Group A-II showed numerically lower values. Total and regional HD scores in Group B-II were only numerically lower than in Group B-1 (NS), ex cept for scores of hippocampus, caudoputamen, and thalamus, which were the same in the normo thermic and hypothermic groups of Study B. Cere bral infarcts were present in three dogs in Group A-I (one severe) and in two dogs in Group B-1 (one severe). No cerebral infarcts were seen in Hypo thermic Groups A-II and B-II. The hearts of 40 of 44 dogs examined had grossly visible pale subepicardial necrotic foci, primarily in the right ventricular free wall. Macroscopic areas of subendocardial plus subepicardial necroses were, as percentage of total surface area, 2.0 ± 2.6 in Group A-I, 1.4 ± 2.7 in Group A-II, 1. 9 ± 3. 6 in Values are means ± SD. ROSC, restoration of spontaneous circulation; Hct, hematocrit. a No hemodilution.
Hypertension-hemodilution
Group B-1 Group B-II (n = 12) (n = 10) l.6 ± 0.9 1.2 ± 0.4 2.5 ± 0.5 2.4 ± 0. Group B-1, and 2.5 ± 3. 2 in Group B-II (NS). The only hypothermic dog that achieved poor neuro logic outcome (OPC 3) (Fig. 3) had severe dysrhyth mias and transmural necroses over more than one quarter of the right ventricular free wall. Five oth ers had similarly severe damage scores without dysrhythmias.
DISCUSSION
Mild hypothermia induced after the onset of ar rest (for preservation and resuscitation) resulted in a significant improvement in outcome in terms of performance, neurologic function, and brain mor phology. The results are particularly significant be cause the model is very reproducible, and one-half of both hypothermia groups and none of the normo thermic control dogs achieved functional normality (OPC 1). Dogs were used because a large data base exists with this species, and large vessels and blood volume were required for monitoring and CPB. Custom-bred male dogs also were more uniform than captured monkeys.
The model met all our requirements for outcome evaluation models in cerebral resuscitation re search: (a) All animals should be of the same sub species and sex and of similar age and weight; (b) the insult should be sufficiently moderate to allow mitigation of brain damage (e. g. , by mild precool ing); (c) arrest must be reversed promptly to normal perfusion pressure (in this study by CPB) without adding variable low flow states; (d) chance should be minimized by concurrent randomized controls; (e) life support should be standardized, using the same team and stringent controls of physiologic variables that can influence outcome prearrest and for at least 24 h postarrest; (D brain temperature (at least core temperature) must be narrowly controlled (within ±OSC) before, during, and after arrest; (g) intensive care must be extended for at least 72 h to allow maturation of cerebral changes while control ling extracerebral variables; (h) all control experi ments within protocol should result in long-term (at least 72-h) survival with brain damage; (i) postarrest deaths prior to 72 h due to extracerebral complica tions should be excluded from outcome evaluation, while primary brain deaths should be included; and G) bias should be avoided by placebo controls (fea sible with drugs but not with hypothermia) and blinded outcome evaluation. Mortality (usually caused by extracerebral complications) is an inap propriate endpoint for evaluating cerebral resusci tation. Outcome results of studies that do not follow the above requirements are not convincing. In a previous study of moderate hypothermia (28-32°C) induced during reperfusion after ventric ular fibrillation of 17 min in dogs (Leonov et aI. , 1988) , we attributed the inconsistent benefit to the severity of the insult and to a possibly harmful ef fect of moderate hypothermia on the microcircula tion, which might offset beneficial effects at the cel lular level. In normal brain, hypothermia reduces global CBF and cardiac output in parallel with the reduction in oxygen consumption (Hegnauer and D' Amato, 1954) . The exact level of postarrest hy pothermia that would be optimal for local CBF and neurologic outcome remains to be determined. In the present study we used a less severe insult (12.5 min ventricular fibrillation) with mild hypothermia, which may not reduce tissue blood flow. Indeed, pilot experiments with the same model using our stable xenon computed tomography method for lo cal CBF (Safar et aI. , 1989b) showed that the post ischemic multifocal hypoperfusion we have seen during normothermia was neither worsened nor mitigated by 34°C post arrest. Nevertheless, we performed Study B with hypertensive hemodilution to optimize CBF. Our results did not support the need for hypertensive hemodilution to reveal a re suscitative effect of mild hypothermia.
Comparison of results between Control Groups A-I and B-1 suggests a slight mitigating effect of hypertensive hemodilution (NS). In the comparison of Hypothermia Groups A-II and B-II (Fig. 3) , no additional benefit of hypertensive hemodilution was evident. This suggests that the brain damage mitigating effect of mild hypothermia is stronger than that of hypertensive hemodilution.
Histologically, mild hypothermia after no flow of 12.5 min did not save all neurons (Fig. 4) ; no dog had a completely normal brain. There was no evi dence of selective protection by mild hypothermia of the hippocampus or the caudoputamen, as others have shown in rats (Siesjo and Minimisawa, 1989) , possibly because of species differences. Scattereo ischemic neuronal changes, the predominant le sions, seemed uniformly distributed. Microinfarcts, which we had found predominant after asphyxia but not after ventricular fibrillation (Vaagenes et aI. , 1988) , were essentially absent in all groups of this ventricular fibrillation study. While total HD scores showed a significant difference between Groups I and II of Study A, that difference was not signifi cant in Study B. This might be explained by the fact that hypertensive hemodilution reduced the normo thermic HD score from 120 to 100. The hypother mic dogs had the same HD scores with or without hypertension and hemodilution. The effect of he-modilution may be offset in part by hypothermia's ability to reduce the microcirculatory flow.
The multifocal myocardial necroses in all four groups were the same as those in our previous stud ies with cardiac arrests longer than 10 min (Pretto et aI. , 1987) . The lesions do not seem caused by cor onary obstruction and are possibly the result of ischemia, reoxygenation injury, endogenous and administered catecholamines, injury from the AC (fibrillation) and DC (defibrillation) electric shocks, or a combination of the above. They may or may not cause arrhythmias or cardiogenic shock. In this study mild postcooling reduced the cerebral but not the myocardial damage. In our previous study (Le onov et aI. , 1988) , moderate postcooling (28-32°C) for 3 h caused less cerebral damage and more my ocardial damage.
To our knowledge, this is the first study that doc uments a consistent, statistically significant im provement of cerebral (and thereby overall) out come after cardiac arrest by postinsult hypothermia (preservation-resuscitation). The benefit from mild pre-or postinsult hypothermia in our study is sup ported by results of other groups. Hossmann (1988) presented evidence from cat studies with global brain ischemia of 1 h, which showed the rate and incidence of recovery of EEG activity and evoked potentials to correlate with mild precooling. In our outcome studies, EEG activity return time did not correlate with OPC or ND at 72-96 h, but EEG activity returned in all dogs. Hirsch and Muller (1962) found in rabbits mitigation of histopathologic brain damage and cerebral dysfunction postarrest by mild cooling before and during arrest. Siesjo' s group found in rat studies that mild hypothermia induced before incomplete forebrain ischemia (Siesjo and Minimisawa, 1989) mitigates pathogenic mechanisms and histologic damage. Ginsberg's group (Busto et aI. , 1987 (Busto et aI. , , 1989a Ginsberg et aI. , 1989) reported that mild hypothermia induced be fore or during ischemia in rats has various beneficial effects. Vacanti and Ames (1984) found a 3°C re duction in temperature to double the tolerated spi nal cord ischemia time in rabbits.
The evidence acquired by us and others concern ing the effects of small differences in brain temper ature on brain insults calls for a retrospective ex amination of brain ischemia studies of the past. Where brain or core temperature was not monitored and accurately controlled, immediately before, dur ing, and early after the insult, treatment effects should be reexamined in models with brain temper ature narrowly controlled.
The mechanism by which postarrest cooling might resuscitate the brain is not clear. Reduced cerebral oxygen consumption by 5-8%fOC (Heg nauer and D'Amato, 1954; Rupp and Severinghaus, 1986 ) cannot be the principal mechanism, because the small brain oxygen stores are rapidly depleted even with mild or moderate hypothermia. We pos tulate a multifactorial mechanism: (a) During isch emia, hypothermia preserves ATP (Thorn et aI. , 1958; Kramer et al. , 1968; Michenfelder et al. , 1970; Berntman et al. , 1981; Stocker et al. , 1986; Busto et aI. , 1987; Chopp et aI. , 1989) ; mitigates abnormal ion fluxes (Astrup et aI. , 1981; Lantos et aI., 1986) ; reduces lactate production and tissue acidosis (Berntman et aI. , 1981; Chopp et aI., 1989; Natale and D' Alecy, 1989) , free fatty acid production (Busto et aI. , 1989a) , and excitatory neurotransmit ter release (Busto et aI. , 1989a) (Rosomoff, 1959) and leukotrienes (Dempsey et aI. , 1987) , im prove glucose utilization and blood flow (Ginsberg et aI. , 1989) , and improve the O2 transport/demand ratio in low flow areas. The best method for brain cooling during no flow or low flow states remains to be determined. Clin ically feasible methods include a head hood or hel met with chemical cooling (Brader, 1988) , head im mersion in ice water, and nasopharyngeal cooling after tracheal intubation (Natale and D' Alecy, 1989) . The temperature gradients we achieved by surface cooling match those obtained by computer modeling (Mogensen, 1988) . During no flow of 12. 5 min in our study, head cooling caused a decrease in tympanic temperature of only -1°C. In our six pilot experiments, invasively monitored epidural temper ature decreased during the same period of no flow also by -1°C, while central brain temperature (hip pocampus) decreased by < 1°C. Since head surface cooling in dogs was not instantaneously effective, it is possible that reperfusion systemic cooling to 34°C was more important.
After reperfusion, core temperature could be maintained between 32 and 34. 2°C. Tympanic tem perature, however, decreased transiently in all dogs of Groups A-II and B-II below the "mild" level (34°C), namely, to 29. 1-33.8°C during 0-1 hour post arrest. It is possible that during ice water immersion some cold water entered the ear canal in spite of attempts to seal it tight. In pilot experiments, epid ural temperature remained I-2°C higher than tym panic temperature. Good outcome did not correlate with a lower tympanic temperature.
The relative contributions of preservation versus resuscitation cooling are now being investigated in our laboratory. Preservation cooling is important to achieve mild hypothermia at the moment of reper fusion, when the free radical-triggered necrotizing cascades are initiated. It is unlikely that head neck-nasopharyngeal cooling can lower brain tem perature rapidly enough. Intracarotid flush with cold plasma substitute can lower brain temperature very rapidly (Connolly et aI. , 1962; Wolfson et aI. , 1965; Safar et aI. , 1976; White, 1978) , but clinicians may not readily accept carotid puncture.
Systemic reperfusion cooling with CPB achieved 34°C immediately. Initiation of CPB in patients would follow several minutes of cardiopulmonary resuscitation (low flow). During resuscitation, im mersion cooling of the trunk is not feasible since the skin must be dry for defibrillation. In pilot experi ments in dogs with spontaneous circulation, mild systemic cooling could be initiated within 5-10 min with a combination of cold intravenous fluid infu sion, cold gastric irrigation, head cooling, and dry surface cooling. With a low flow arteriovenous shunt via heat exchanger (without pump oxygen ator), we lowered core temperatures from 37. 5 to 34°C within 2-3 min.
Clinical application of mild hypothermia will be safer and easier than that of moderate hypothermia. Moderate hypothermia over 48 h after ischemia in rats and monkeys (without life support) has pro duced harmful effects in one study (Steen et aI. , 1979) . Pharmacologic induction of poikilothermia to block shivering, sympathetic discharge, and ther mogenesis, under mild accidental cooling, as in in tensive care, is usually easy to achieve with small doses of a narcotic. Moderate hypothermia, how ever, may need additional paralysis, vasodilation, and full anesthesia. No management problems or deleterious side-effects are generally encountered in critically ill patients without cardiac arrest who have prolonged accidental or deliberate mild hypo thermia.
We conclude from the results of this study that mild cerebral hypothermia, initiated with head cool ing during arrest and continued with systemic cool ing during reperfusion and for 1 h postarrest, im proves cerebral outcome. We recommend further studies (a) to determine optimal levels and timing of cerebral hypothermia during and after arrest; (b) to develop optimal rapid brain cooling methods for use by laypersons and health professionals; (c) to deter mine whether clinically feasible mild resuscitative cerebral hypothermia immediately postarrest-with or without preservation cooling during arrest and cardiopulmonary resuscitation-can reduce neuro logic dysfunction; (d) to search for an additional postarrest treatment cocktail that would enhance the still suboptimal beneficial effect of mild hypo thermia; and (e) to explore the possible brain dam age-ameliorating effect of mild cooling induced af ter the onset of other brain insults such as shock, stroke, and brain trauma.
